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An abdominal aortic aneurysm (AAA) is an enlargement of the greatest artery in the body defined 
as an increase in diameter of 1.5-fold. AAAs are common in the elderly population and thousands 
die each year from their complications. The most commonly used mouse model to study the 
pathogenesis of AAA is the angiotensin II (Ang II) infusion method delivered via osmotic mini-
pump for 28 days. Here, we studied the site-specificity and onset of aortic rupture, characterized 
three-dimensional (3D) images and flow patterns in developing AAAs by ultrasound imaging, 
and examined macrophage infiltration in the Ang II model using 65 apolipoprotein E-deficient 
mice. Aortic rupture occurred in 16 mice (25%) and was nearly as prevalent at the aortic arch 
(44%) as it was in the suprarenal region (56%) and was most common within the first 7 days 
after Ang II infusion (12 of 16; 75%). Longitudinal ultrasound screening was found to correlate 
nicely with histological analysis and AAA volume renderings showed a significant relationship 
with AAA severity index. Aortic dissection preceded altered flow patterns and macrophage 
infiltration was a prominent characteristic of developing AAAs. Targeting the inflammatory 
component of AAA disease with novel therapeutics will hopefully lead to new strategies to 
attenuate aneurysm growth and aortic rupture.
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preponderance in the setting of mild hypertension with enhanced 
incidence in the presence of hyperlipidemia (Daugherty et al., 2000, 
2001; Saraff et al., 2003; Daugherty and Cassis, 2004). There is a 
well-defined time course of events in this model with early mac-
rophage infiltration into the smooth muscle-rich medial layer of 
the aneurysm-prone area, transmedial dissection that causes rapid 
luminal expansion within the first 7 days of AngII infusion, with 
subsequent complex inflammatory events that include intramural 
thrombus formation, elastin degradation and profound remodeling 
in which the thrombus is often resorbed and replaced by fibrous 
tissue interspersed with leukocytes (Daugherty et al., 2000, 2006). 
However, there are still some parameters such as aortic rupture 
death and hemodynamical changes within the aorta upon aneu-
rysm formation that are poorly defined. In this study, we attempt 
to reveal the inflammatory progression patterns during aneurysm 
formation, as well as elucidate the incidence and site-specificity of 
aortic rupture and follow in vivo aneurysmal development with 
2D- and 3D-ultrasound imaging.
MaterialS and MethodS
MouSe aaa Model induction
ApoE−/− mice (backcrossed 10 times to the C57BL/6 background) 
used for this study were from the Jackson Laboratory (Bar Harbor, 
ME, USA). Genotyping was confirmed by PCR using tail clip sam-
ples as previously described (Cao et al., 2007). Alzet osmotic mini-
pumps (Durect Corporation, Cupertino, CA, USA) loaded with 
Ang II (Sigma-Aldrich, Saint Louis, MO, USA) were implanted 
subcutaneously into 65 apoE−/− male mice (8–12 weeks of age) in the 
dorsal region under isoflurane anesthesia to obtain a delivery rate 
introduction
The abdominal aortic aneurysm (AAA) is a localized dilatation of the 
abdominal aorta exceeding the normal diameter by more than 50% 
(Upchurch and Schaub, 2006). AAAs are associated with advanced 
age, male gender, cigarette smoking, atherosclerosis, hypertension, 
and a genetic predisposition (van Vlijmen-van Keulen et al., 2002; 
Golledge et al., 2006; Lloyd-Jones et al., 2010). The histopathologic 
features of AAAs are characterized by chronic inflammation in the 
vessel wall, tissue degeneration and remodeling, and depletion of 
medial smooth muscle cells (Thompson, 2002; McCormick et al., 
2007). With an aging population, AAAs are becoming common 
vascular disorders with life-threatening implications such as aortic 
rupture, which has been reported to have a mortality rate as high as 
90% (Lloyd-Jones et al., 2010). AAAs account for more than 15,000 
deaths/year in the United States (Baxter et al., 2008). Therefore, 
understanding the pathophysiology of AAAs and translating the 
knowledge from basic science to the clinical realm is certain to be 
a promising step to prevent this condition.
Since most information of human AAAs is obtained from 
pathological specimens after surgical intervention, there is a need 
to have animal models to mimic the entire progression sequence 
of aneurysm evolution. Several rodent models of AAA have been 
developed either via genetic exploitation or via chemical methods; 
their advantages and limitations have been considered (Daugherty 
and Cassis, 2004). The angiotensin II (Ang II)-induced mouse AAA 
model in the atherosclerotic-susceptible strain (apolipoprotein E 
deficient; apoE−/−) has become the most widely used model in recent 
years because of its simplicity and because certain facets of the 
model resemble human disease acquisition, including male gender Frontiers in Pharmacology | Inflammation Pharmacology    July 2010  | Volume 1  |  Article 9  |  2
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of CD68+ macrophages (relative to DAPI-stained cells) was 
 conducted by Image-Pro Plus software (Media Cybernetics, Silver 
Spring, MD, USA).
StatiStical analySiS
Data are expressed as mean ± S.E.M. Differences between two 
groups were analyzed by Student’s t-test. Correlation is tested by 
linear regression and Pearson coefficient analyses. Values of P < 0.05 
were considered significant.
reSultS
ang ii-induced aortic rupture occurS not only in the 
abdoMinal aorta but alSo in the thoracic region  
(aortic arch)
In this study, 65 apoE−/− male mice were implanted with Ang II 
pumps at a delivery rate of 1 μg/kg/min for 4 weeks. Twenty-four 
mice (37%) did not develop a detectable AAA according to stand-
ard criteria (i.e., 1.5-fold increase in suprarenal diameter), despite 
full release of Ang II from the pumps, while 41 mice (63%) devel-
oped aortic aneurysms, with 25 surviving to the study endpoint 
(Table 1). Sixteen of the 41 mice died from aortic rupture (Table 2). 
By ultrasound scanning, we were able to detect 18 of the 25 (72%) 
AAAs. However, seven small AAAs (28%) went undetected because 
of their size (≈1.2 mm; at the lower limit of being classified as an 
AAA), location (thoracic; not scanned) and orientation of dilatation. 
AAA severity, summarized according to Daugherty’s classification 
(Daugherty et al., 2001) from 0 (no aneurysm) to IV (multiple aneu-
rysms containing thrombus) plus the most severe situation – death 
from aortic rupture is shown in Table 2.
To examine aortic rupture incidence, we monitored each 
mouse intensively 7 days/week requesting animal care facility staff 
workers to report animal death immediately. Rapid detection of 
the first event enabled a thorough autopsy. No blood was found 
in the abdominal cavity ruling out an AAA rupture. However, 
careful dissection of the whole aortic tree revealed a blood clot 
in the chest cavity with an aortic arch rupture (Figure 1A). Later, 
we also found cases of abdominal aortic rupture (Figure 1B) and 
determined that most of the aortic ruptures occurred in the first 
week of Ang II infusion (Table 3). Surprisingly, ruptures at the 
arch were nearly as prevalent as in the suprarenal abdominal seg-
ment. All seven aortic ruptures at the arch region (100%) were 
of 1 μg/kg/min over the course of 4 weeks as previously described 
(Cao et al., 2007). An AAA is defined as a 1.5-fold enlargement 
of the aortic diameter. Abdominal aortic enlargements, as well as 
aneurysm complications including aortic dissection and rupture 
were observed during the study. The Animal Use Committee at 
Queen’s University approved all animal protocols.
ultraSound iMaging acquiSition
Ultrasound imaging was performed with mice placed supine on a 
heated table under isoflurane anesthesia and depilated with hair 
removal cream. A Vevo 770 high-resolution ultrasound imag-
ing system (VisualSonics, Toronto, Canada) with 40 MHz fre-
quency real-time microvisualization scan-head (RMV 704) and 
10 × 10 mm field of view was used first in B-mode to obtain a 
2D-transverse image to localize the suprarenal abdominal aorta 
on day 7 post-Ang II infusion. A more detailed examination of 
complex fluid-dynamical changes during AAA formation was 
obtained longitudinally by the ECG-based kilohertz visualization 
(EKV) reconstruction technique that synthesizes B-mode images 
from a series of heart rhythm cycles and reconstructs one repre-
sentative heart cycle that is spatially precise and synchronized to 
the animal’s ECG (VisualSonics software). All 65 mice with Ang II 
infusion were imaged over the 4-week course of the study. Power 
Doppler 3D-acquisition, which identifies blood flow inside the aor-
tic lumen, was conducted among a set of 11 Ang II-infused mice 
on day 14 and 28. The probe mounted to the 3D motor stage was 
placed transversely on the abdomen covered with ultrasound gel 
to travel 10 mm along a suprarenal segment starting slightly above 
the right renal artery to obtain a series of 2D “slides”, which were 
then assembled into a 3D data set for volume measurements. The 
ultrasound operator used manual assessment in delineation of the 
vessel and remodeled wall.
aaa aSSeSSMent
After mice were euthanized by CO2 asphyxiation at the day 28 
endpoint, the aortic tree from the iliac bifurcation to aortic root 
was carefully dissected from surrounding tissue, and the abdomi-
nal aorta with or without aneurysm formation was measured and 
scored according to Daugherty’s classification (Daugherty et al., 
2001), then collected and embedded in OCT and stored at −80°C 
until sections were cut for further histological and immunohisto-
chemical analysis.
hiStological and iMMunofluoreScence Staining
AAA sections were stained with Movat’s pentachrome for mor-
phology analysis. Inflammatory macrophages were labeled by 
immunofluorescence methods as described previously (Cao et al., 
2007). Briefly, AAA sections were fixed with acetone for 5 min, 
washed and blocked with 3% normal goat serum for 30 min, 
then incubated with primary antibodies against macrophage 
CD68 (1:100; Serotec, Oxford, UK) for 2 h. After washing with 
PBS, specimens were incubated with fluorescently labeled second-
ary antibody Texas Red-conjugated goat serum (1:100; Jackson 
ImmunoResearch, West Grove, PA, USA) for 1 h. Cover slips were 
mounted with VECTASHIELD plus DAPI (Vector, Burlingame, 
CA, USA). Visualization was performed with a fluorescent micro-
scope (Leica, DM IRB, Richmond Hill, ON, USA). Quantification 
Table 1 | Summary of Ang II-induced aneurysms in apoE−/− mice.
No of  No of mice  No of mice   No of AAA   No of AAA  
mice  with  with AAA to   detected by   not detected   
infused  aneurysms  endpoint (%)  echo (%)  by echo(%) 
 (incidence)
65 41  25  18  7
  (63%) (61%)  (72%) (28%)
Table 2 | Classification of Ang II-induced aortic aneurysms.
Severity scale  0  I  II  III  IV  Rupture
No of mice  24  10  2  12  1  16www.frontiersin.org  July 2010  | Volume 1  |  Article 9  |  3
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the aneurysm. A large recirculation zone that persists during the 
deceleration and diastolic tail of the cycle may be connected to the 
formation of a thrombus.
aSSeSSMent of aneurySM diaMeter and voluMe by 
ultraSound iMaging and correlation with  
hiStological paraMeterS
Measurements of aortic diameter were conducted via non-inva-
sive ultrasound (Figures 4A,D), at endpoint dissection (Figures 
4B,E) and by histological analysis (Figures 4C,F). The results from 
the three different measurements correlate very well revealing a 
suprarenal diameter of ≈1 mm in Ang II-infused mice without 
aneurysm formation (Figure 4, upper panels) and ≈2.8 mm with 
aortic aneurysm (Figure 4, lower panels). Correlation of aortic 
diameter measured by ultrasound and postmortem morphology 
was significant (r2 = 0.86, P < 0.0001). A thrombus observed at the 
gross morphological level was further characterized by histological 
Movat’s pentachrome staining to show remodeling events within 
the aortic wall where collagen is stained in yellow, ground substance 
and mucin in blue, fibrinoid and fibrin in intense red, and elastic 
fibers in black.
Previously AAA complexity was determined by Daugherty’s clas-
sification (Daugherty et al., 2001), by measurement of the aortic 
diameter (Cao et al., 2007; Gitlin et al., 2007) or by AAA weight 
assessment (King et al., 2006; Gitlin et al., 2007; Wang et al., 2008). 
To better reveal changes during AAA formation, we conducted 
Power Doppler 3D-acquisition on day 14 and 28 on 11 mice post-
Ang II infusion (five without AAA and six with AAA) to obtain 
3D geometry parameters, which were further reconstructed into 
volume measurements. We found, as expected, AAA volumes were 
significantly greater than measurements obtained from the same 
suprarenal aortic segment without AAA formation (Figures 5A,B) 
and correlate with AAA diameter (r2 = 0.81, P < 0.001, not shown) 
and strongly correlates with AAA severity (Figure 5C). Therefore, 
AAA volume could be used as a new parameter to indicate AAA 
fatal, while nine of the 34 (26%) aneurysms in the abdominal 
aorta resulted in death with most showing signs of aortic dissec-
tion with subsequent remodeling by histological analysis (data 
not shown).
aortic diSSection precedeS altered flow patternS within ang 
ii-induced aneurySMal aortaS
Using the Vevo 770 high-resolution ultrasound imaging system, 
we were able to detect AAAs in vivo and follow the mice lon-
gitudinally prior to sacrifice at day 28. The transverse B-mode 
image applied to animals 7 days post-Ang II pump implanta-
tion, showed enlargement of the aorta (Figure 2A) more than 
50% of the original diameter, while Power Doppler Mode 
imaging revealed blood flow within the aortic lumen (orange-
red; Figure 2B).
To elucidate flow pattern changes during aneurysm forma-
tion, abdominal aortas were visualized by B-mode longitudinally 
(Figure 3) and were recorded in the EKV-mode, which reconstructs 
B-mode images from a series of heart rhythm cycles into one rep-
resentative heart cycle that is spatially precise and synchronized to 
the animal’s ECG (Video S1 in Supplementary material). In the 
representative image, an aortic wall dissection is evident (white 
arrow, Figure 3). Circular flow patterns were obvious with a vortex 
pattern that sheds downstream (red lines, Figure 3; see Video S1 
in Supplementary material). The vortex shedding has also been 
observed in numerical models of the fluid flow in murine AAA 
(Ford et al., 2010), where a vortex formed downstream of the aortic 
dissection “flap” during systolic acceleration is then advected into 
FIguRE 1 | Ang II induces aortic rupture not only in the abdominal aorta 
but also in the aortic arch. (A) Aortic arch, with major branches, was dissected 
to ascertain the exact rupture site; (B) abdominal aorta was dissected from 
surrounding tissue to determine the suprarenal rupture site. Arrows indicate 
rupture sites. H, heart; RCA, right carotid artery; LCA, left common carotid 
artery; LSA, left subclavian artery; RK, right kidney, RRA, right renal artery.
Table 3 | Timing and site-specificity of Ang II-induced aortic rupture.
Time  point/ Week Week Week Week Abdominal Aortic 
Location  1 2 3 4   arch
No  of  mice  12  2 1 1 9  7Frontiers in Pharmacology | Inflammation Pharmacology    July 2010  | Volume 1  |  Article 9  |  4
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macrophages in the adventitia (Figures 6A,B), especially at the site 
of elastic media break down (Figures 6C,D), indicating an impor-
tant role of macrophages in aortic aneurysm development.
diScuSSion
The Ang II-induced mouse model of AAA is characterized by mac-
rophage infiltration, elastic media degeneration, aortic dissection, 
thrombus formation, aneurysmal wall remodeling, and aortic rup-
ture (Daugherty et al., 2000; Saraff et al., 2003; Cao et al., 2007). 
Here, we have carried out a detailed time-frame and site-specific 
analysis of aortic rupture combined with ultrasound imaging 
of aneurysms.
In humans, about 80% of aortic aneurysms occur in the abdomi-
nal region (Baxter et al., 2008). The well-established murine AAA 
model used here by us and many other investigators shares several 
common features with human AAAs as mentioned above, as well 
as male gender preponderance, hypertension, and hyperlipidemia 
(apoE−/− mice). There are, however, certain differences. For instance, 
in mice these aneurysms occur most frequently in the suprarenal 
aorta as opposed to the infrarenal location in humans. Moreover, 
aortic dissection and rupture are early events in the mouse model 
in the absence of atherosclerosis, in contrast to the complications 
of dissection and rupture that tend to occur in late-stage, large 
aneurysms with manifest atherosclerosis in humans.
Aortic rupture is a fatal complication of both human and mouse 
AAAs. Death-associated aortic rupture was only reported at ≈10% 
when this Ang II-induced AAA model was first established (Saraff 
et al., 2003). Recently, high rupture mortality was reported in apoE−/− 
mice (47%) (Chamberlain et al., 2010) and in IFN-γ/apoE double 
knockout mice (50%) (King et al., 2008). In our study we observed 
25% (16 of 65) aortic rupture deaths in apoE−/− mice and found 
that most ruptures happened in the first week of Ang II infusion 
(12 of 16; Table 3). Interestingly, we found that rupture was almost 
as common in the aortic arch as it was in the suprarenal abdominal 
severity. Moreover, 3D rendering enables visualization from dif-
ferent angles and planes for more detailed analyses (Video S2 in 
Supplementary material).
MacrophageS are Major inflaMMatory cellS in  
aneurySMal tiSSue
To evaluate inflammatory cell infiltration within aneurysmal tissue, 
aortic specimens were sectioned and inflammatory components 
were labeled with immunofluorescent antibodies. We found few T 
cells and mast cells (data not shown) but large numbers of CD68+ 
FIguRE 2 | Abdominal aortic dilatation was detected by ultrasound imaging 7 days post-Ang II infusion. (A) Transverse B-mode shows enlargement and 
remodeling within the aortic wall; (B) Power Doppler Mode demonstrating blood flow in the aortic lumen. Dotted red line outlines external aortic boundary, while the 
yellow dotted line outlines the lumen (L).
FIguRE 3 | Aortic dissection leads to flow pattern changes in an Ang 
II-induced AAA. White arrow indicates an aortic dissection “flap” where the 
elastic media has broken down; red dotted arrows show altered flow; blue 
arrow indicates a region with re-circulating slow flow where thrombosis/
coagulation may occur.www.frontiersin.org  July 2010  | Volume 1  |  Article 9  |  5
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site, where aneurysms usually develop in this model (Figure 1). On 
one occasion, rupture occurred during the ultrasound scanning 
procedure indicating that pressure from the scan-head probe on the 
body surface could be sufficient to trigger AAA rupture.
FIguRE 4 | Ang II-induced AAA detected by ultrasound imaging and further verified by dissection and histology. A representative abdominal aorta without 
AAA formation (upper panels; n = 24) and with AAA (lower panels; n = 25) after 4-week Ang II infusion: (A,D) Ultrasound images; (B,E) gross morphological view; 
(C,F) Movat’s pentachrome histological staining.
FIguRE 5 | Ang II-induced AAA volume measurements correlate with 
AAA severity. (A) Reconstructed volumes of abdominal aorta without (left 
panel of three representative aortas) and with AAA formation (right panel of 
three representative aortas). (B) Quantification of volume in a landmarked 
suprarenal segment. *P < 0.01 between Ang II infusion without AAA 
formation (n = 5) and with Ang II-induced AAA formation (n = 6). (C) Linear 
regression analysis shows strong correlation between aortic 3D volume and 
Daugherty’s AAA severity classification (P < 0.0001). The dotted lines 
represent 95% confidence intervals.
FIguRE 6 | Macrophages are major inflammatory cells in aneurysmal 
tissue. Phase contrast images of a severely remodeled AAA (A) and one with 
extensive elastic layer damage (C). Enhanced images from the boxed area 
show predominant CD68+ macrophages in the adventitia (B) and macrophage 
infiltration at the site of elastic media break down (D). The percentage of 
CD68+ macrophages (relative to DAPI-stained cells) is 42% in the boxed area 
(C,D) where the elastic media shows evidence of breakdown and only 3% in 
the remaining area.
Previously, flow patterns and fluid dynamics modeling 
have been reported in human AAAs (Castro et al., 2006; Baek 
et al., 2010; Les et al., 2010), with very little insight into pat-
terns in mice. In the present study, we were able to monitor the Frontiers in Pharmacology | Inflammation Pharmacology    July 2010  | Volume 1  |  Article 9  |  6
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This imaging system not only allowed us to assess aortic diam-
eter (Figure 4), which significantly correlated with postmortem 
morphology aortic measurement (r2 = 0.86, P < 0.0001) and 3D 
geometry (Figure 5), which Goldberg et al. (2007) reported to 
have strong correlation with histology volumes reconstructed 
by aligning each 2D digitized section. The imaging also allowed 
us to dynamically monitor flow patterns during AAA formation 
at three time-points. One limitation to this methodology is that 
more frequent, repeated exams necessitates multiple periods of 
deep isoflurane anesthesia and depilation for scan-head contact, 
which can lead to altered mouse physiology and skin lesions. 
So, we have opted for analysis at weekly intervals. In a previous 
report, aortic expansion induced by Ang II infusion was detected 
by ultrasound (Barisione et al., 2006), but in our present study 
details of complex fluid flow patterns were observed and were 
already evident at day 7 post-Ang II infusion with unsteady flow, 
shed vortices that impinge upon the distal wall, and re-circulating 
flow (Figure 3). Using a computational fluid dynamics model, 
Baek et al. (2009) found the impingement region coincides with 
the location of rupture. Thus, if the repair process, which includes 
thrombus formation/coagulation/fibrosis in a dynamic remod-
eling fashion cannot override the degenerative process after aortic 
dissection at the intimal layer, then adventitial weakening will 
inevitably lead to aortic rupture with subsequent hemorrhage 
and death.
The role of fluid mechanics in the formation of the AAA 
remains an open question. Although the aneurysms studied here 
develop from Ang II infusion via an initial dissection in the intimal 
wall, once formed the local fluid mechanics can play a critical 
role in the growth and subsequent rupture of the AAA. In our 
studies, there is an area in which the local fluid mechanics are 
favorable to the formation of thrombus (slow recirculation zone 
above the distal entrance to the aneurysm at the dissection) and 
hence growth of the vessel wall. The impingement of the shed 
vortex on the distal end of the aneurysm may also give rise to an 
area susceptible to expansion or even rupture. In future studies 
we aim to explore the role of the fluid mechanics on the rupture 
risk of mouse AAA.
Inflammation is commonly recognized to be the key to aneu-
rysmal diseases (Wassef et al., 2007; Norman and Powell, 2010). In 
our study, we found prominent inflammatory macrophage infiltra-
tion at the site of elastic media break down (Figure 6). Tieu et al. 
(2009) found that an IL-6/MCP-1 amplification loop accelerates 
macrophage-mediated vascular inflammation leading to aortic dis-
section in mice, while others (King et al., 2008; Wang et al., 2010) 
found TGF-β and interferon-γ to protect against inflammatory aor-
tic aneurysm progression. Therefore, pharmacological intervention 
to block inflammatory pathways may prevent the progression of 
AAAs. Currently, there are no extant therapeutics for blocking AAA 
progression although agents such as statins, doxycycline, matrix 
metalloproteinase inhibitors, cyclooxygenase (COX)-2 inhibitors, 
and angiotensin receptor antagonists have all been shown to modu-
late the progression of aortic aneurysms in murine models (Wassef 
et al., 2007). The selective COX-2 inhibitor celecoxib has shown effi-
cacy to decrease Ang II-induced mouse AAAs (King et al., 2006), but 
this class of drugs enhances cardiovascular risk in humans. To avoid 
such hazard, we are currently investigating downstream prostanoid 
receptor antagonists to target attenuation of AAA progression.
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